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Nitrate injection into oil reservoirs can prevent and remediate souring, the production of hydrogen sulfide
by sulfate-reducing bacteria (SRB). Nitrate stimulates nitrate-reducing, sulfide-oxidizing bacteria (NR-SOB)
and heterotrophic nitrate-reducing bacteria (hNRB) that compete with SRB for degradable oil organics.
Up-flow, packed-bed bioreactors inoculated with water produced from an oil field and injected with lactate,
sulfate, and nitrate served as sources for isolating several NRB, including Sulfurospirillum and Thauera spp.
The former coupled reduction of nitrate to nitrite and ammonia with oxidation of either lactate (hNRB activity)
or sulfide (NR-SOB activity). Souring control in a bioreactor receiving 12.5 mM lactate and 6, 2, 0.75, or 0.013
mM sulfate always required injection of 10 mM nitrate, irrespective of the sulfate concentration. Community
analysis revealed that at all but the lowest sulfate concentration (0.013 mM), significant SRB were present. At
0.013 mM sulfate, direct hNRB-mediated oxidation of lactate by nitrate appeared to be the dominant mech-
anism. The absence of significant SRB indicated that sulfur cycling does not occur at such low sulfate
concentrations. The metabolically versatile Sulfurospirillum spp. were dominant when nitrate was present in the
bioreactor. Analysis of cocultures of Desulfovibrio sp. strain Lac3, Lac6, or Lac15 and Sulfurospirillum sp. strain
KW indicated its hNRB activity and ability to produce inhibitory concentrations of nitrite to be key factors for
it to successfully outcompete oil field SRB.
Souring, the undesirable production of hydrogen sulfide (H2S)
in oil reservoirs by sulfate-reducing bacteria (SRB), is a common
problem during secondary oil recovery when water is injected to
produce the remaining oil. SRB reduce sulfate in the injection
water to sulfide, while oxidizing degradable organic electron do-
nors present in the oil reservoir. The concentration of sulfate
introduced depends on the source of the injection water and is
especially high (30 mM) when seawater is injected during off-
shore operations. Because large volumes of water are injected
(typically 10,000 m3/day), large amounts of biogenic sulfide can be
coproduced with the oil and gas, up to 1,100 kg per day (21).
Removal of sulfide is needed in view of health and safety concerns
and to reduce the risk of pipeline corrosion (15) and other neg-
ative effects. Although sulfides can be removed chemically follow-
ing production, in situ elimination through continuous nitrate
injection has also proven to be effective, as demonstrated both in
model column studies (16, 23, 29) and in the field (20, 21, 34, 35).
Nitrate injection changes the microbial community in the subsur-
face from mainly SRB to one enriched in nitrate-reducing bacte-
ria (NRB), which include the nitrate-reducing, sulfide-oxidizing
bacteria (NR-SOB) that oxidize H2S directly (Fig. 1A) and the
heterotrophic NRB (hNRB), which compete with SRB for de-
gradable organic electron donors (Fig. 1B) and thus potentially
prevent SRB metabolism. Lactate, representing degradable oil
organics, is shown to be oxidized incompletely to acetate and CO2
in Fig. 1. Other compounds, including the volatile fatty acids
acetate, propionate, and butyrate may be oxidized completely to
CO2, although complete oxidation of acetate was not observed in
the current study. Both types of NRB also promote SRB inhibi-
tion via production of nitrite (10), formed in both nitrate reduc-
tion pathways depicted in Fig. 1. Although lactate-utilizing SRB
and hNRB are common in oil fields, lactate concentrations are
low, indicating rapid turnover. Lactate may form by fermentation
of cell wall material or of carbohydrate polymers (e.g., xanthans)
injected to enhance oil recovery.
Because sulfide is at best an intermediate in the nitrate-
dependent oxidation of oil organics like lactate, the nitrate
dose required to eliminate sulfide is dictated by the lactate
concentration, not by the sulfate concentration. This was
shown by Hubert et al. (16) with a bioreactor injected with 25,
12.5, or 6.25 mM lactate and 7.8, 4.7, or 3.0 mM sulfate.
Because SRB were a prominent component in all bioreactor
communities that were analyzed (16), it was concluded that
souring control was due primarily to NR-SOB activity, as in
Fig. 1A. The goals of the current work are to (i) determine the
properties of the main NRB present in a similar bioreactor
experiment and (ii) evaluate whether SRB remain dominant
community members at sulfate concentrations lower than
those used in previous work (16), i.e., to determine the lower
limit of the sulfate concentration at which effective sulfur cy-
cling can still occur.
(Part of this work was presented at the NACE Annual
General Meeting held in March 2006 in San Diego, CA [16a].)
MATERIALS AND METHODS
Samples and media. All cultures originated from the water produced from the
Coleville oil field located near Kindersley, Saskatchewan, in western Canada.
The water produced from the oil field sampled in August 2000 was used to
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inoculate bioreactors in previous studies (15, 16) from which most strains de-
scribed here were isolated. A sample of the water produced obtained in April
2002 was used to inoculate the bioreactor in the present study and was also
plated directly for further strain isolations. Coleville synthetic brine (CSB),
mimicking the cation and anion concentrations in this water produced from the
oil field as formulated by Gevertz et al. (5), was prepared as described by Nemati
et al. (24) and altered to modified CSB (mCSB), which contains 12.5 mM lactate
and the sulfate and nitrate concentrations indicated in Table 1. CSB-A, an
alternate, simpler formulation of CSB medium, was prepared as described by
Hubert et al. (16). The acetate-containing NRB medium of Gieg et al. (6) and
saline Postgate C (sPGC), a rich medium containing yeast extract, lactate, and
sulfate (24) were also used.
Bioreactor. An up-flow, packed-bed bioreactor was set up and operated as
described elsewhere (16). A glass column (4.5  64 cm) equipped with five
sampling ports was packed with sand (average diameter, 225 m), autoclaved,
and filled with N2-purged, filter-sterilized mCSB medium containing 12.5 mM
lactate and 6 mM sulfate. Each sampling port was inoculated with 15 ml of the
water produced from the oil field, and incubation in the absence of flow allowed
an SRB community to establish. Following this, the flow rate was gradually
increased to 9 ml/h to encourage further SRB biofilm development within the
sand matrix. Under these conditions, the residence time was about 24 h. Fol-
lowing this 6-week start-up period, the sulfate and/or nitrate concentrations were
changed according to the sequence in Table 1, which outlines the series of
experiments performed in the same bioreactor. Operation for at least 1 week
under changed conditions allowed establishment of a steady state as indicated by
constant concentrations of sulfide, sulfate, nitrate, nitrite, lactate, and acetate
and constant redox potential (Eh).
Isolation of oil field NRB. Samples of Coleville oil field-produced water and
samples from bioreactors operated as part of a previous study (15) were diluted
and spread on plates containing nitrate, a carbon and energy substrate, and 15
g/liter of agar. NRB plating media included mCSB, CSB-A, and acetate-contain-
ing NRB medium (6). Following pouring, NRB medium plates were allowed to
dry in air before being transferred to an anaerobic hood (Coy Laboratory Prod-
ucts) with an atmosphere of 5% (vol/vol) H2, 10% CO2, and 85% N2. Single
colonies were suspended in 1 ml of the corresponding liquid medium and inoc-
ulated into serum bottles containing 100 ml CSB or CSB-A with lactate and
nitrate. Following growth at room temperature, cultures were maintained by
periodic transfer. Their ability to oxidize lactate with nitrate was confirmed, and
their ability to oxidize sulfide (2 to 4 mM) with nitrate was assessed in CSB or
CSB-A medium. Sulfate reduction was tested in mCSB medium. The concen-
trations of sulfate, sulfide, nitrate, nitrite, ammonium, lactate or acetate and Eh
were determined at regular intervals in batch cultures.
Phylogenetic analyses. DNA isolated from 100-ml cultures was used for dot
blot cross-hybridization analyses as described elsewhere (34). NRB that were
genomically distinct from each other and from 47 previously isolated oil field
standards (defined as strains with low genomic cross-hybridization) (34) were
thus identified. 16S rRNA gene sequences for NRB strains NO3B, N2, C4, C6,
and KW were determined and deposited in the GenBank database under acces-
sion numbers DQ228136, DQ228137, DQ228138, DQ228139, and DQ228140,
respectively. Sequences for strains NO3A and NO2B were previously deposited
under accession numbers AY135396 and AY135395, respectively (16). Amplifi-
cation of 16S rRNA genes by PCR using universal primers f8 (27) and r1406 (13)
was performed as described elsewhere (34). Automated sequencing was per-
formed using these same primers on an ABI PRISM 377 DNA sequencer
(Applied Biosystems, Inc.) by University Core DNA Services at the University of
Calgary. Sequences with high homology to the sequences of the new isolates, as
well as other sequences of interest, were retrieved from the GenBank database
following BLAST searches (1). Sequence alignment, manual refinement of the
alignment, and phylogenetic tree reconstruction were performed using the ARB
software package (22). Maximum-likelihood trees were generated using
FastDNAML software, and distance trees were generated using neighbor-joining
algorithms. Bootstrap analysis with 1,000 replicates was performed for the neigh-
bor-joining tree.
Cocultures of oil field NRB and SRB. Oil field sulfate-reducing Desulfovibrio
sp. strains Lac3, Lac6, and Lac15 (36), maintained in sPGC, were inoculated (2%
[vol/vol]) into stoppered serum bottles containing CSB-A with lactate, sulfate,
and nitrate concentrations as indicated and a headspace of 90% (vol/vol) N2 and
10% CO2. Sulfurospirillum sp. strain KW, maintained in CSB-A with lactate and
nitrate, was inoculated (7% [vol/vol]) into these SRB cultures either at mid-log
phase or at time zero. Washed-cell inocula of strain Lac15 or KW were used in
some experiments to prevent inhibition of the SRB culture with nitrite, as well as
of the NRB culture with components in SRB medium. Cells (2 ml of strain Lac15
in sPGC or 7 ml of strain KW in CSB-A) were centrifuged (10,000  g; 10 min)
in an anaerobic hood (Coy Laboratory Products, Inc.) and resuspended in 1 ml
of medium, which was injected into serum bottles. Culture filtrates lacking cells
were added by injecting aliquots from cultures of strain Lac15 or KW into serum
bottles through a 0.2-m filter.
Analytical procedures. The composition of planktonic microbial communities
was analyzed by reverse sample genome probing (RSGP), a technique in which
denatured microbial genomic DNAs are spotted on macroarrays. Total commu-
nity DNA, isolated from bioreactor samples, was labeled and hybridized with
these genome arrays (25, 34) comprised of 54 standards, defined as genomically
distinct isolates from different oil fields including the 5 new NRB standards
(strains NO3B, N2, C4, C6, and KW) described in this study. The sulfide con-
centration was determined spectrophotometrically (3). The sulfate concentration
was determined spectrophotometrically (25) or using a Waters 600E high-pres-
sure liquid chromatograph (HPLC) with a Waters 423 conductivity detector,
using a Waters IC-Pak high-capacity column and a borate/gluconate eluent
(Waters) at 2 ml min1. Nitrate and nitrite concentrations were determined
using the same Waters 600E HPLC equipped with a Gilson Holochrome UV
detector or a Gilson 151 UV/visible light detector, set at 200 nm. Nitrite con-
centrations were also determined spectrophotometrically (9). Ammonium was
determined as described elsewhere (33). Lactate and acetate concentrations
were determined using a Waters 600E HPLC equipped with a Waters 2487 UV
detector at 220 nm, using an Alltech Prevail organic acid column (250 4.6 mm)
and 25 mM KH2PO4 (pH 2.4) as the eluent at 1 ml min1. Redox potential
differences, Eh, were measured off-line using a microelectrode and an Ag/AgCl
reference electrode (Eh222 mV) from Microelectrodes, Inc. (Bedford, NH).
Eh was calculated as Eh  Eh  222. The electrode was calibrated with an
FIG. 1. Impact of nitrate on the oil field sulfur cycle. (A) Sulfide
produced by SRB activity can be recycled to sulfate or sulfur by NR-SOB
reducing nitrate to nitrogen (denitrification) or ammonia (DNRA).
(B) hNRB compete with SRB for organic electron donors, such as lactate,
excluding sulfide production by SRB. Many SRB and hNRB oxidize
lactate incompletely to acetate and CO2 as shown. The overall reactions
in panels A and B are the same: the oxidation of lactate with nitrate.
TABLE 1. Sulfate and nitrate concentrations in mCSB medium
used in the bioreactor experimenta
Compound Concn (mM) used
Sulfate 6.0 2.0 0.75 0.013b
Nitrate 0.0 0.0 0.0 0.0
2.5 2.5 2.5 2.5
5.0 5.0 5.0 5.0
7.5 7.5 7.5 7.5
10.0 10.0 10.0 10.0
12.5
15.0
a The lactate concentration was 12.5 mM throughout.
b Sulfate concentration due to the addition of trace element solution.
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oxidation-reduction potential standard solution (Orion Research, Inc., Beverley,
MA) with Eh  424 mV at 20°C.
RESULTS
Isolation, physiology, and phylogeny of bioreactor NRB.
NRB were isolated on plating media containing lactate and
nitrate and propagated on liquid media in which lactate was
the sole electron donor for nitrate reduction. Following
genomic cross-hybridization analysis, strains NO3B, N2, C4,
C6, and KW, as well as NO2B (isolated previously [16]), were
retained. Their phylogenetic association and physiological
properties are presented here.
A 16S rRNA gene sequence-based phylogenetic tree that
FIG. 2. Phylogenetic tree of 16S rRNA gene sequences from newly isolated oil field bacteria and related sequences from oil fields and other
environments. Organisms represented on the RSGP genome array, including new NRB isolates from the Coleville reservoir, are shown in boldface
type. The topology shown was obtained by comparing nearly full-length sequences using the maximum-likelihood method and is similar to
topologies produced using other tree reconstruction approaches. The scale bar represents the number of changes per nucleotide position.
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includes these hNRB strains, except for strain C4 for which a
shorter 16S rRNA sequence (400 nucleotides [nt]) was ob-
tained, is shown in Fig. 2. Sequences for two NR-SOB from the
Coleville oil field, Thiomicrospira sp. strain CVO and Arco-
bacter sp. strain FWKO_B obtained previously (5), and many
other oil field-derived sequences are also included. The new
isolates from the Coleville oil field are all closely related to
other bacteria from oil fields and other subsurface environ-
ments, based on 16S rRNA gene sequences (Fig. 2). Of par-
ticular interest are sequences from the Pelican Lake oil field,
which is also found in western Canada, but unlike the Coleville
oil field, has not experienced water injection for secondary oil
recovery (7). The close relationships between sequences from
these two reservoirs indicates these organisms to be wide-
spread in these environments and suggests that the new
Coleville isolates are indigenous reservoir microbes, not con-
taminants introduced during water injection.
Like strains CVO and FWKO_B, strains C6, NO2B, and
KW all belong to the epsilon division of the proteobacteria.
Their closest cultured and characterized relative is Sulfurospi-
rillum deleyianum, which grows by dissimilatory nitrate reduc-
tion to ammonia (DNRA) via nitrite (4). Strain KW similarly
reduces nitrate (11 mM) to nitrite (9 mM) and ammonia (2
mM), while oxidizing lactate (8 mM decrease) incompletely to
acetate (8 mM increase) and CO2 (see Fig. S1A in the supple-
mental material). Interestingly, strain KW also coupled the
reduction of nitrate (2 mM) to nitrite (0.5 mM) and ammonia
(1.5 mM) to the oxidation of sulfide (3 mM) to sulfur or
polysulfide (see Fig. S1B in the supplemental material). This
was qualitatively indicated by the presence of a white precip-
itate and a yellow-colored medium, respectively. Sulfate was
never detected as an end product of sulfide oxidation, even in
medium with nitrate-to-sulfide ratios that did promote sulfate
production by the NR-SOB Thiomicrospira sp. strain CVO
(10). NR-SOB activity of these Sulfurospirillum spp. was mod-
est compared to that of strain CVO, which couples the oxida-
tion of sulfide to sulfur and sulfate with denitrification, i.e.,
reduction of nitrate to nitrite, NO, N2O, and N2 (5, 10). Lac-
tate-to-nitrate ratios in hNRB medium determine whether ni-
trate reduction by Sulfurospirillum sp. strain KW yields nitrite
or ammonia. When this ratio is high (nitrate limiting), more
ammonia is produced, whereas when it is low (lactate limiting),
nitrite production is favored (Fig. 3). Metabolism of strain KW
was associated with high values of the environmental redox
potential (200 to 300 mV [see Fig. S1A and B in the
supplemental material]). The metabolic properties of strains
C6 and NO2B were similar to those of strain KW (results not
shown).
Thauera sp. strain N2 did not form nitrite, ammonia, or acetate
when oxidizing lactate with nitrate (see Fig. S1C in the supple-
mental material), suggesting that CO2 and N2 were end prod-
ucts (not quantified). Thauera spp., belonging to the beta-
proteobacteria, are known to reduce nitrate by denitrification
(28). Strain N2 was able to oxidize a range of other organic
compounds (not shown). Paracoccus sp. strain NO3B has Para-
coccus denitrificans as its closest cultured homolog, which, along
with related members of the alphaproteobacteria, also reduce
nitrate via denitrification (14). Strains N2 and NO3B did not
reduce nitrate with sulfide as an electron donor; thus, they are
hNRB, not NR-SOB. The partial 16S rRNA sequence of strain
C4, isolated on acetate-containing NRB medium plates (6), indi-
cated it to be phylogenetically close to Desulfomicrobium norve-
gicum, a sulfate reducer in the deltaproteobacteria. Hence, strain
C4 is similar to some Desulfovibrio desulfuricans strains that can
reduce both nitrate and sulfate (32).
Souring control in bioreactors: effect of the sulfate concen-
tration. Packed-bed up-flow bioreactors inoculated with water
produced from the Coleville oil field continuously received
mCSB medium with a sulfate concentration of 6.0, 2.0, 0.75, or
0.013 mM, the latter representing the sulfate concentration
present in the trace elements solution. The concentration of
nitrate was always raised in 2.5 mM increments (Table 1),
allowing establishment of steady-state conditions after each
increase. The steady-state concentrations of sulfate, sulfide,
nitrate, nitrite, lactate, and acetate along the vertical axis of the
bioreactor are represented in Fig. 4 for ports 0 to 5, port 0
being the inflowing medium, for some of the experiments con-
ducted. Data for 6 mM sulfate were similar to those obtained
previously using the same medium (16) and are not shown.
Because displacement of the bioreactor void volume took 24 h,
the x axis can also be thought of as representing time with the
points being spaced about 5 h apart. In the absence of nitrate,
conversion of lactate to acetate (Fig. 4A) at ports 1 and 2 was
coupled to reduction of sulfate to sulfide (Fig. 4D), indicating
SRB activity. Complete sulfide removal required increasing the
nitrate concentration to 10 mM, irrespective of whether the
inflowing sulfate concentration was 0.75 mM (not shown), 2.0
mM (Fig. 4F), or 6 mM (not shown). The environmental redox
potential was high under these conditions (Eh  200 mV).
Nitrate was always depleted at port 1. Its reduction led to
residual nitrite only at high nitrate concentrations, depending
on the sulfate concentration in the inflowing medium. At 0.013
mM sulfate, nitrite was present at port 1 when the inflowing
nitrate concentration was 5, 7.5, or 10 mM (Fig. 4H and I),
whereas at 2 mM sulfate, nitrite was present at port 1 only
when the inflowing nitrate concentration was 10 mM (Fig. 4C).
When lactate was able to reduce both nitrate and sulfate com-
pletely (Fig. 4B and E), sulfate removal was slower than nitrate
FIG. 3. Percentage of nitrite and ammonia formed as a function
of the lactate-to-nitrate ratio. Sixteen separate cultures of oil field
Sulfurospirillum spp. were grown at different lactate-to-nitrate ra-
tios, as indicated on the x axis. The y axis represents the percentage
fraction of the nitrate that was converted to nitrite (Œ) or ammonia
(‚) during DNRA.
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removal. These results prove neither mechanism A or B (Fig.
1). Both result in the net oxidation of lactate with nitrate, and
it is difficult to determine from the steady-state profiles
whether this is occurring through intermediate sulfur cycling.
However, when the inflowing medium contained only 0.013
mM sulfate and 2.5, 5.0, 7.5, or 10.0 mM nitrate, sulfate re-
duction as part of rapid sulfur cycling is unlikely, since Eh was
much higher (100 	 Eh 	 100 mV [Fig. 4H and I]) than
under conditions of sulfate reduction (Fig. 4D and E) or fer-
mentative metabolism (Fig. 4G), where Eh was less than 300
mV. Hence, direct oxidation of lactate with nitrate (Fig. 1B)
occurred under these conditions.
FIG. 4. Bioreactor profiles of nitrate (), nitrite (Œ), lactate (}) and acetate () concentrations (A to C and G to I) and of Eh (broken lines)
(D to F and G to I) and sulfide (F) and sulfate (E) concentrations (D to F). Sulfate concentrations in the inflowing medium were 2 mM (A to
F) or 0.013 mM (G to I) with nitrate concentrations of 0, 5, or 10 mM, as indicated. The x axis represents sampling ports 1 to 5 along the length
of the column. Port 0 represents the inflowing medium.
FIG. 5. Microbial community composition in the bioreactor as determined by RSGP. Liquid samples were obtained from port 1 and column
effluent with sulfate and nitrate concentrations in the inflowing medium as indicated. fx is the relative fraction of each standard x for which the
number is given on the x axis.
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Microbial community composition. In the presence of 2 mM
sulfate, Desulfovibrio sp. strains Lac15 and Lac29 (standards 9 and
16) were major community components (Fig. 5A). Addition of 5
mM nitrate under these conditions boosted the fraction of stan-
dards 52 and 53, Sulfurospirillum sp. strains NO2B and KW (Fig.
5B). These were also major community components at 10 mM
nitrate both at port 1 and in the column effluent (results not
shown), which also contained a high fraction of oil field hetero-
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FIG. 6. Competitive exclusion of SRB by Sulfurospirillum sp. strain KW. Desulfovibrio sp. strain Lac15 (left panels) and Lac6 (right panels) were
grown as pure cultures in CSB-A medium (A and B) or as cocultures with strain KW inoculated during mid-log phase (2) (C and D). The
concentrations of nitrate (), nitrite (Œ), lactate (), acetate (), sulfide (F), and sulfate (E) and Eh (broken lines) are shown. Panels E and F
show with greater resolution the sulfide (left scale) and nitrite (right scale) concentrations corresponding to panels C and D, respectively. All batch
cultures were done in duplicate, with average deviations shown when the error bars exceeded the size of the symbols.
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troph standards 37, 38, and 43 (34). In the presence of 0.75 mM
sulfate, there were less SRB than in 2 mM sulfate; strains NO2B
and KW remained dominant, and oil field heterotroph standards
34, 37, 38, and 43 were prominent in the effluent both at 5 and 10
mM nitrate (results not shown). Finally, in the presence of 0.013
mM sulfate, SRB were not major community components, con-
firming direct oxidation of lactate with nitrate under these con-
ditions. Sulfurospirillum sp. strains NO2B and KW were promi-
nent at port 1 (Fig. 5C), but not in the column effluent, which
contained primarily oil field heterotroph standards 34, 37, 38, and
43 (Fig. 5D).
Cocultures of SRB and NRB. Compared to control cultures
(Fig. 6A), sulfate reduction was transiently inhibited following
injection of KW into log-phase cultures of strain Lac15 (Fig. 6C).
However, nitrate concentrations did not change, and sulfide pro-
duction resumed once the nitrite concentration, which increased
due to injection of KW, was reduced to zero (Fig. 6E). Use of
Desulfovibrio sp. strain Lac3 in these experiments gave results
similar to those obtained with strain Lac15 (not shown). In con-
trast, injection of strain KW into log-phase cultures of Desulfo-
vibrio sp. strain Lac6 permanently inhibited sulfate reduction (Fig.
6D) compared to control cultures (Fig. 6B). The constant con-
centrations of nitrate, sulfide, and nitrite introduced with the KW
inoculum (Fig. 6D and F) indicated that strain KW was also
metabolically inactive under these conditions. Lac6 cultures
turned yellow, indicating the formation of polysulfide.
Coinoculation (i.e., both at time zero) of Sulfurospirillum sp.
strain KW and Desulfovibrio sp. strain Lac15 or Lac6 into CSB-A
medium containing lactate, nitrate, and sulfate, gave hNRB ac-
tivity and not SRB activity, which was probably suppressed by
nitrite (not shown). Use of washed cells eliminated effects of small
molecules, like nitrite. Not surprisingly, coinoculation of 7% (vol/
vol) strain KW and 2% (vol/vol) of washed strain Lac15 resulted
in nitrate reduction in duplicate serum bottles (Fig. 7A). How-
ever, when 2% (vol/vol) of strain Lac15 and 7% (vol/vol) of
washed strain KW were coinoculated, sulfate reduction occurred
FIG. 7. Effect of using washed cultures on competitive exclusion of Desulfovibrio sp. strain Lac15 and Sulfurospirillum sp. strain KW. The
following cultures were coinoculated at time zero: (A) washed Lac15 cells (2% [vol/vol]) and mid-log-phase KW (7% [vol/vol]); (B) mid-log-phase
Lac15 (2% [vol/vol]) and washed KW cells (7% [vol/vol]); (C and D) washed Lac15 (2% [vol/vol]) and washed KW (7% [vol/vol]) cells. The
concentrations of nitrate (), nitrite (Œ), lactate (), acetate (), sulfide (F), and sulfate (E) and Eh (broken lines) are shown. All batch cultures
were done in duplicate; average deviations are shown in panels A and B when error bars exceeded the size of the symbols. Panels C and D show
duplicate cultures that received similar inocula but gave different results.
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in both bottles (Fig. 7B). When washed cells of both strains were
coinoculated, nitrate reduction was observed in one serum bottle
(Fig. 7C) and sulfate reduction in the other serum bottle (Fig.
7D). Coinjection of strain KW with SRB-free culture filtrate re-
sulted in hNRB activity, whereas coinjection of SRB with KW-
free culture filtrate did not result in sulfate reduction (not shown).
These results suggest that successful hNRB competition depends
on the concentration of nitrite and its ability to inhibit SRB.
DISCUSSION
Nitrate-reducing bacteria can be categorized by their use
of organic or inorganic electron donors (hNRB or NR-SOB)
and whether nitrate reduction proceeds via denitrification
(NO3
3 NO2
3 NO3 N2O3 N2) or DNRA (NO3
3
NO2
 3 NH3). The four possible combinations all occur in
the Coleville oil field, which was the source for isolating
denitrifying hNRB (Thauera sp. strain N2 and Paracoccus
sp. strain NO3A), NR-SOB (Thiomicrospira sp. strain
CVO), and Sulfurospirillum spp. that couple hNRB or NR-
SOB metabolism with DNRA (Fig. 2; see Fig. S1 in the
supplemental material). Determining which of the souring
control mechanisms (Fig. 1) operate in bioreactor experi-
ments (Fig. 4) is not straightforward, since the dominant
Sulfurospirillum spp. (Fig. 5) are capable of either metabo-
lism (see Fig. S1A and B in the supplemental material).
Facultative chemolithotrophs, which can grow organotrophi-
cally and chemolithotrophically, are thought to have a compet-
itive advantage in environments with organic and inorganic
electron donors (17, 30). Indeed we found Sulfurospirillum spp.
to dominate in the bioreactor under conditions where both
lactate and sulfide were present, whereas strict hNRB, like
strains N2 and NO3B, or strict NR-SOB, like strain CVO and
Arcobacter sp. strain FWKO_B, were not major components of
the community. Coculture experiments using Sulfurospirillum
and Desulfovibrio spp. revealed that the former outcompeted
the SRB when these could not overcome nitrite inhibition,
either because their cell density was too low (12) or because
they lacked nitrite reductase (10). Thus, nitrite production
appears to be essential for the competitive success of hNRB,
whereas nitrite removal is equally essential for the competitive
success of SRB when these two groups are competing for a
common electron donor in coculture.
Of course, nitrite is only an intermediate in the DNRA by
Sulfurospirillum spp. Nitrate-limiting conditions promote
ammonia production with little nitrite accumulation in pure
cultures of Sulfurospirillum spp. (Fig. 3). This is consistent
with the absence of residual nitrite in the bioreactor at lower
nitrate doses (Fig. 4B) when nitrate reduction to ammonia
was catalyzed by a Sulfurospirillum-dominated community
(Fig. 5B). When nitrate is abundant relative to lactate, ni-
trite is the main product (Fig. 3), and residual nitrite is
detected in the bioreactor (Fig. 4C). Relationships similar to
those depicted in Fig. 3 have been shown for other NRB,
including the denitrifying Thiomicrospira sp. strain CVO
(10), and other DNRA-catalyzing organisms (18). Lactate-
to-nitrate ratios did not affect the course of lactate oxida-
tion, which always yielded equimolar acetate (Fig. 4; see Fig.
S1A in the supplemental material), suggesting that oil field
Sulfurospirillum spp. are incomplete lactate oxidizers that
cannot convert acetate to CO2. When residual sulfide was no
longer present in the bioreactor, souring control mainly
involved reduction of added nitrate to ammonia, with some
nitrite production. Nitrite did not inhibit bioreactor SRB at
low nitrate concentrations when the SRB population con-
tinued to reduce sulfate. However, nitrite inhibition of SRB
contributed to successful competition of hNRB for lactate at
higher nitrate concentrations.
The demonstrated dominance of oil field Sulfurospirillum
spp. has consequences for understanding nitrate-dependent
control of sour petroleum systems. Facultative chemolithotro-
phy is found among a diverse group of bacteria that includes
Achromatium spp., Beggiatoa spp., Paracoccus denitrificans,
Thiosphaera pantotropha, and various Thiobacillus spp. (8, 11,
17, 26, 30). However, to our knowledge, this study is the first
report of facultative chemolithotropy among the epsilonpro-
teobacteria, a group that is increasingly being recognized in oil
field environments (2, 7). Much interest in epsilonproteobac-
teria has been due to the many NR-SOB in this group and their
role in oil field sulfur cycling. Thus, hNRB activity by Sulfuro-
spirillum spp. broadens the potential significance of this phy-
logenetic group in oil reservoirs. Recent culture-indepen-
dent community analyses of a Japanese oil storage cavity by
Watanabe et al. (37, 38) showed that epsilonproteobacteria
were dominant community members. This led to the isolation
of the NR-SOB Sulfuricurvum kujiense (19) and to the assump-
tion that sulfur cycling as in Fig. 1A was reducing nitrate in this
environment. However, epsilon- and betaproteobacterial
clones from the same study were similar to oil field Sulfurospi-
rillum spp. and Thauera sp. strain N2. Hence, hNRB activity by
epsilon- and/or betaproteobacteria could also have reduced
nitrate and decreased sulfide in the oil storage cavity environ-
ment. Souring control by hNRB has been referred to as bio-
competitive exclusion (31), suggesting that SRB and hNRB in
oil fields share the same substrates. Future investigations into
the extent to which reservoir electron donors are shared by
SRB and hNRB will improve our understanding of the condi-
tions required for successful application of nitrate to remediate
souring.
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